The focus of this paper is on how water distribution systems can be made more resilient and adaptable, thus reducing their vulnerability to future changes. A performance evaluation methodology is outlined and used to assess the resilience of today's water infrastructure and its vulnerability to future changes, based on adopting four future scenarios, suitably adapted to represent future water demand states. The results highlight the sensitivity of key performance indicators to a range of future conditions relative to current conditions. The concept of future proofing is introduced and three strategies compared to design/re-design and operate the network, building in varying degrees of adaptive capacity to deliver solutions that are feasible under both today's and tomorrow's conditions. The key findings are that, without any intervention, all solutions are feasible when demand is equal to or less than the design case while resilience of the system improves for small decrease in demand, major reduction in demand shows a big improvement in water quality. Three future proofing strategies, namely operation, designed in operation and multistage design and operation show great potential to create flexibility that allows for operational diversity in the short term while trying to achieve long-term goals. The multistage design and operation strategy is able to outperform the other two strategies considering reduction in cost and improvement in performance of the system.
INTRODUCTION
Water utilities typically have a statutory responsibility to provide consumers with an adequate supply of high-quality water under all operating conditions (Farmani et al. a) . Their asset management plans set out in detail how they plan to balance the supply and demand for water in their supply area, taking into account key economic, environmental and social factors, including regulatory requirements. Decisions on the operation and maintenance of the assets of a water distribution network require the operator to balance costs with current and future performance including the quality of service experienced by the customer.
The water industry has a significant number of very long-life assets back, in part, to the 19th century in major cities of Europe, for example. Therefore, most decisions have to be taken with at least 70-80 year timescales in mind, inevitably under conditions of high uncertainty. This requires a clear vision of the future. However, predicting the future is not an easy business! Several approaches are available (Butler ), the most common in the water sector being trend analysis. Trend analysis involves an extrapolation of current trends forward in time based on today's knowledge either linearly, or sometimes non-linearly. However, as the time horizon is so long, it is increasingly recognised that simple projections are just not appropriate and that new approaches are necessary to better ensure that investments will not be poorly made. There is a clear need to ensure that the design of new and rehabilitation of existing systems considers as many potential changes that might occur over the lifetime of the assets as possible and incorporates 'the ability to absorb shocks and stresses whilst still maintaining the integrity of the systems' (quoted in Adger () ). Future scenarios provide such an alternative approach, allowing for exploration of variability and more extreme futures without the requirement for forecasts or predictions (Butler ). Unlike the conventional approach where the main emphasis is on optimisation based on prediction (Malhotra ) , 'they facilitate the incorporation of flexible systems that allow for learning, updating and adaptation without foreclosing the development of future options' (quoted in Folke et al. () ).
FUTURE SCENARIOS
Future scenarios are used as a tool for describing the 'future as it might be; they are neither forecasts nor predictions' (quoted in Hunt et al. (a) ), and explicitly do not include trend analysis. 'Scenarios attempt to envision alternative futures in ways that expose fundamental variables and branch points that may be collectively manipulated to evoke change' (quoted in Folke et al. () ). They are useful tools to avoid path dependency (an unexpressed assumption about the future that is mainly based on backward looking and forward reasoning) in decision making.
In a review of recent studies, as a part of an interdisciplinary project (Urban Futures) which authors were involved in, Hunt et al. (b) 
RESILIENCE OF TODAY'S SOLUTIONS TO FUTURE CHANGES
Definitions 'Resilience is the ability of a [water] system to achieve [or maintain] desirable states in the face of change' (quoted in Folke ()). In this work, the resilience index (Todini ) is used as a surrogate measure of this, with the index varying from 0 (low) to 1 (high). This index represents the 'power provided at a node in excess of that strictly required for supply and is therefore related to the capability of the system to overcome hydraulic failures' (Todini ) such as changes in demand, pressure head and pipe roughness due to aging. This concept is closely related to robustness, which relates to the persistence Productive capacity is the maximum possible hydraulic throughput of a water system over a given period using existing resources and infrastructure. Adaptive capacity is 'the property of a water system to be able to reconfigure itself, or be reconfigured, in the face of change without a significant reduction in desirable states' (quoted in Adger ()).
Greater system adaptive capacity is related to defined transition pathways (Folke ) and reduced system vulnerability (Gallopin ; Smit & Wandel ; Fussel ). 'Vulnerability is the state of susceptibility to harm (non-desirable states) from exposure to stresses associated with change and from the absence of capacity to adapt'
(quoted in Adger ()).
Case study
The Anytown water distribution system ( Figure 1 ) has been used in this study (Walski et al. ) . The link and node data, as well as details of different loading conditions and the variation in water use throughout the day are available from CWS () and Farmani et al. (a) .
Future population and water demand
Farmani & Butler () studied the implications of alternative urban forms on water distribution network performance and concluded that the rate and type of urban development have major implications for redesign and operation of existing water infrastructure in terms of total cost, water quality and network resilience, with uniform expansion (i.e. additional demand distributed uniformly throughout the demand nodes) being the most cost-effective by a considerable margin. In this study, the performance of the network is assessed for uniform development strategies under population and water demand changes for the four adopted scenarios.
Three groups of problem settings are considered: the first and second groups consider individual changes for PCC and POP separately, and the third group considers the combined impact of population and per capita consumption changes. are 120, 105 and 80 L/h/d respectively. In addition to the future demand multipliers, a 50% reduction (DM ¼ 0.5 and PCC ¼ 78 L/p/d) is considered in the analysis so that impacts of Code level 5/6 (the highest) can also be assessed.
The problem has been set up as a multi-objective optimisation study considering total cost, resilience index and water age as three objectives following an approach developed by Farmani et al. (a, b) . EPANET2 (Rossman ) has been used as both the hydraulic and water quality solver. The tradeoff calculations have been carried out using the NSGAII multi-objective genetic algorithm (Deb et al.
)
, the most suitable methodology for this type of optimisation (Farmani et al. b) . The concept of resilience was introduced by Todini () to account for the fact that water distribution networks are designed as looped systems in order to increase the hydraulic reliability and the availability of water during pipe failure. The resilience index I r of a looped network is defined as:
where q i , h ava,i , h req,i are flow, available head and required head at node i; Q j and H j are the discharge and the head at reservoir (storage tank) j respectively; P k is the power introduced into the network by the pumps and γ is the specific weight of water. Water age is a function of water demand, system operation and system design. Maximum water age over 24 h daily operation at any node or tank in the network is used as a surrogate measure for water quality.
The water industry has focussed predominantly on the quality of treated water and the physical condition of distribution assets when improving the quality of water at the customer's tap. However the quality of the water delivered is also affected by the time the water is retained in the different elements of the distribution network (Brandt et al. ) .
Although not a specific degradative process, water age is a characteristic that affects water quality because many dele- Solution cost-resilience payoff characteristics Figure 2 shows the relationship between lowest total cost and resilience index at 0.01 increments for the Anytown network based on demand multipliers varying between 0.9 and 1.52. The results have characteristic 'bathtub' shaped curves for solutions with positive demand increase. As there was no major variation in the cost for solutions with demand multipliers below 0.9, they have been omited from the figure. For demand multipliers above 1.0, the left hand side of the Detailed inspection of the results indicates that minor increases in cost results in rapid increase in resilience of the network, therefore solutions towards the right hand side of the flat part of the curves are preferred as a similar level of investment provides a higher resilience. Finally, the right hand side of curves shows that system total costs begin to increase rapidly as the resilience index increases.
Detailed inspection of costs for the solutions on the payoff curve generated for demand multipliers of 0.5, 1.0 and 1.52 shows that there is more variation in solution capital cost than in operational cost for each demand multiplier across the resilience index values. The capital cost for solutions with high resilience index values is considerably higher than those solutions in the middle of the curves, indicating that achieving high resilience requires additional capacity in the given system. The operational costs are almost constant for different resilience index values for a demand multiplier but they vary considerably from one demand multiplier to another, increasing as demand increases.
Design variable characteristics
Detailed inspection of the solutions shows that for each demand multiplier a similar pattern for design variables can be observed for different resilience index values. The key findings are as follows:
• There are certain pipes that will be duplicated irrespective of demand multiplier (identified as being vulnerable to long-term change impacts). These pipes (i.e. 1, 2, 4, 8, 21, 23, 26, 33, 36, 40) typically take similar pipe diameters for different demand multipliers. They are mainly in the path between reservior and storage tanks, and storage tanks and critical nodes.
• A second group of pipes are reinforced or cleaned depending on the demand multiplier as well as resilience index value. These pipes (i.e. 6, 8, 12, 20, 22, 24) are mainly adjacent to the pipes that have high probability of being duplicated. These reinforced pipes take different diameter sizes depending on the demand multiplier and resilience index values.
• A third group of pipes do not require any reinforcement no matter which demand multiplier has been used or resilience index values achieved.
Sensitivity analysis
The relative sensitivity of different solutions with demand multipliers varying between 0.5 and 1.52 and resilience index values of 0.24 are further assessed under a range of future conditions. 
FUTURE PROOFING
Future proofing is a way of systematically making water systems more resilient to cope with uncertainty and future changes and to reduce vulnerability by increasing adaptive capacity rather than solely productive capacity. Three alternative strategies are investigated in this study: operation, designed-in operation, and multistage design and operation.
Operation
The first strategy takes the existing infrastructure and makes changes to its operation (scheduling of the pumping station) in response to the various future scenarios. ) . This is the main drawback of a fixed design even with some operational flexibility.
Designed-in operation
In this strategy, in addition to designing the system for a specific demand scenario at the design stage, two extreme scenarios are considered. This will facilitate achieving the required capacity for the decrease and increase in demand under other scenarios. Also by checking the hydraulic performance indicators at the design stage it guarantees a network with highly efficient operation under different futures. However, this strategy is still similar to that of the conventional approach with the main emphasis on increasing productive capacity. All the scheduled solutions under different scenarios satisfy the water quality requirement for this size distribution network except for demand increase of 8%
where water age is above the acceptable level. This is due to constraints imposed on the system due to a fixed design that should be operable under such a wide range of changes.
Finally, this strategy requires all capital investment to take place now to address uncertainty about changes that might take place in the future or not at all. This means additional maintenance and wear and tear costs of components of the water system that are not necessary for today's operation.
Multistage design and operation
The third approach is that of multistage design and operation of the system. In this study, a two-stage design has been considered where two vectors of variables are identified. The first vector consists of variables whose values determine the structure of the system for the current conditions. The second is a vector of design and control vari- Detailed study of the solution generated using the multistage design and operation strategy under different demand multipliers shows that introducing flexibility today will require some additional capital investment now and therefore more operational cost in comparison to the solution that is generated only considering current demand. In exploring many possible system solutions under a range of future water demands, it was found that higher multipliers always imply higher total costs to achieve the same system resilience (as assessed by the resilience index), but that for lower multipliers ( 1.0) a range of resilience values can be delivered by systems with approximately the same total cost for the Anytown water distribution system. This changes somewhat for higher demand multipliers, where a bathtub curve is present.
Even here, minor increases in cost results in rapid increase in resilience, indicating solutions towards the right hand side of the flat part of the curves are preferred as a similar level of investment provides a higher resilience. It was also found that there is more variation in capital cost than in operational cost for each demand multiplier across the resilience index values, indicating that achieving high resilience requires additional capacity in the given system.
Detailed examination of post-processed solutions showed that, for each demand multiplier, a number of pipes are duplicated for all solutions whatever the resilience index value whilst another group of pipes are very unlikely to be duplicated or cleaned/relined at all. This implies that some elements of the system are particularly vulnerable and critical to the long-term performance of the system, and hence should require greater design and operational attention. The results of sensitivity analysis indicated that without any intervention all solutions are feasible when demand is equal to or less than the design case. The resilience index values improved for small decrease in demand while water quality showed improvement for major reduction in demand.
Three alternative strategies were investigated as potential candidates for system future proofing, namely operation, designed in operation and multistage design and operation. Operational changes of the existing system were able to improve certain solutions as the water quality issues for negative growth were reduced and pumps operated with higher efficiency. However, there were still many cases where water age was well above the maximum advised retention time. By specifying an appropriate operational strategy at the design stage, the reported solution showed better performance in comparison to the robust solution.
However due to a fixed design that should be operable under such a wide range of changes, the system showed water quality problems for minor changes in demand.
Finally, the multistage design and operation strategy was able to improve both cost and performance. This latter strategy effectively reduced the negative impact of over-capacity on other performance factors such as running costs and water quality. It created flexibility that allowed for operational diversity in the short term while trying to achieve long-term resilience and sustainability goals. 
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